Abstract. The hydrological response of Swiss river basins to the 2003 European summer heatwave was evaluated by a combined analysis of historical discharge records and specific applications of distributed hydrological modeling. In the summer of 2003, the discharge from headwater streams of the Swiss Central Plateau was only 40%-60% of the longterm average. For alpine basins runoff was about 60%-80% of the average. Glacierized basins showed the opposite behavior. According to the degree of glacierization, the average summer runoff was close or even above average. The hydrological model PREVAH was applied for the period . Even if the model was not calibrated for such extreme meteorological conditions, it was well able to simulate the hydrological responses of three basins. The aridity index φ describes feedbacks between hydrological and meteorological anomalies, and was adopted as an indicator of hydrological drought. The anomalies of φ and temperature in the summer of 2003 exceeded the 1982-2005 mean by more than 2 standard deviations. Catchments without glaciers showed negative correlations between φ and discharge R. In basins with about 15% glacierization, φ and R were not correlated. River basins with higher glacier percentages showed a positive correlation between φ and R. Icemelt was positively correlated with φ and reduced the variability of discharge with larger amounts of meltwater. Runoff generation from the non-glaciated sub-areas was limited by high evapotranspiration and reduced precipitation. The 2003 summer heatwave could be a precursor to similar events in the near future. Hydrological models and further data analysis will allow the identification of the most sensitive regions where heatwaves may become a recurrent natural hazard with large environmental, social and economical impacts.
Introduction
The 2003 summer was the hottest recorded summer in central Europe since the existence of instrumented observations (Schär et al., 2004) . From Rome to London, thermometers climbed above historical highs, forced by persistent anticyclonic conditions (Black et al., 2004) . Studies relying on the reconstruction of time series suggest that it is rather unlikely that comparable events affecting Europe ever occurred since the 16th century (Luterbacher et al., 2004) . The uniqueness of this event has been confirmed by the analysis of data from different sources, such as excessive deaths (Conti et al., 2005; Grize et al., 2005) , phenological records (Menzel, 2005; Gehrig, 2006) , permafrost (Gruber et al., 2004) and productivity rates (Ciais et al., 2005) .
From a statistical point of view, the 2003 European summer heatwave ("2003 heatwave" hereafter) has to be considered an extremely unlikely event. The temperature anomaly of +5.1 • K for the period from June to August, as determined by Schär et al. (2004) on the basis of a long-term homogenized time series from four Swiss stations (Begert et al., 2005) , exceeded by far the temperature anomaly of +2.7 • K recorded during the second warmest summer in 1947. The effects of the 2003 heatwave were also amplified by concomitant low precipitation amounts (Black et al., 2004; BUWAL et al., 2004) .
A large community of scientists believes and predicts that this event is a forerunner of similar events in the years to come, as a result of global climate warming and increased variability in temperature and precipitation (Beniston, 2004; Frei and Schär, 2001) .
The coincidence of unusually warm and dry weather caused by the particular atmospheric circulation in this case is highly interesting from the hydrometeorological point of view. The conditions observed during the summer of 2003 agree with the climate change projections for Central Europe for summers in the second half of the 21st century ( IPCC, 2001) . In contrast to the high uncertainty of the climate projections (Jasper et al., 2004; Horton et al., 2006) , the 2003 heatwave was monitored and high quality observed time series of meteorological conditions and, especially, of the actual response of hydrological systems are available. Thus, this well documented extreme event is a valuable control event to evaluate if current hydrological models (Beven, 2001) , are actually able to provide reliable projections on hydrological impacts of climate change when forced by time series modified by climate scenarios (e.g. Kleinn et al., 2004; Wang et al., 2006) . Furthermore, this event represents a unique chance to estimate the reliability of hydrological models outside of calibration conditions (Seibert, 2003) .
Other questions arise about the varied hydrological impacts of summer heatwaves, especially in very sensitive environments like mountainous regions in central Europe (Huber et al., 2005; Viviroli and Weingartner, 2004) . The Swiss Federal Office for the Environment FOEN recorded runoff extremes at several streamflow gauges of its network during 2003 (FOEN, 2004 . Two antithetic behaviours were identified: a) extreme low-flows in mesoscale rivers of the Swiss Plateau, and b) extremely high runoff in highly glacierized headwater basins.
The consequences of such anomalous conditions on water resources management and the environment are numerous: shortage in freshwater supply for population and irrigation, enhanced demand of electricity supply for cooling purposes, impediments in the transportation of goods by navigation (low water levels in large downstream rivers), and starving of fish as a result of warm stream temperatures are only a selection of potential hazards triggered by an event such as the 2003 heatwave (BUWAL et al., 2004) .
This study focuses on the response of Swiss rivers to the 2003 heatwave by combining an analysis of discharge records with specific applications of distributed hydrological modelling. Data from 42 streamflow gauges are used to quantify the regional discharge anomalies. The spatially distributed hydrological model PREVAH Zappa, 2002 ) is then applied to three basins for in order to analyze the mechanisms triggering the different regional impacts.
The following main topics are discussed hereafter: a) local and regional characterization of the 2003 flow rates in Switzerland with respect to historical data; b) analysis of the impacts of the 2003 heatwave by means of distributed hydrological modeling; c) quantification of the contribution of icemelt to total discharge; and d) evaluation of the hydrological model's capability to cope with unprecedented climate conditions. Fig. 1 . Location of the 42 investigated Swiss FOEN discharge gauges and shape of the three basins considered for distributed hydrological simulations. Labels are declared in Table 1 .
Methods

Streamflow data
Monthly streamflow records from 42 gauges operated by the Swiss Federal Office for the Environment (FOEN, 2004) are used in this study. Stations with high quality data and at least 30 years of continuous observations have been selected. During the investigated time frame, some time series has been affected by anthropogenic perturbations (lake regulation, river corrections and hydropower). Birsan et al. (2005) investigated streamflow trends in Switzerland and considered virtually only headwater basins. Here we are interested in relative changes in runoff responses of the headwater regions in the high mountains and all the way down to the gauges after the large lakes in the Swiss Plateau, where the alpine rivers and torrents become large streams with drainage areas exceeding 10 000 km 2 . Thus, particular sets of nested basins were considered for the three main Swiss river systems (Rhône, Rhine and Aare). Table 1 provides some basic information on the 42 gauges, including the drainage areas and the duration of the available time series. The spatial distribution of the stations is reasonably representative of regions with different climatology across Switzerland (Fig. 1) . The gauges are also representative of the broad spectrum of hydrological regimes that can be identified in Switzerland (Pfaundler et al., 2006) .
Hydrological modelling
The distributed hydrological model PREVAH (PrecipitationRunoff-evapotranspiration HRU Model; is used in this study. PREVAH serves since the mid 1990s as a research tool for studies on water resources and hydrological extremes within mountainous environments Verbunt et al., 2006; Wöhling et al., 2006) . The spatial discretization of PREVAH relies on the aggregation of gridded spatial information into clusters with similar hydrological response, the HRUs (Zappa, 2002) . Hydrological similarity is determined according to elevation, land use, exposition and soil depth of the grid cells. The equilibrium line of glaciers is considered to define accumulation or ablation areas of the glaciers. The implemented runoff generation module is based on concepts from the HBV-model (Lindström et al., 1997) , adapted to a spatially distributed application . The model incorporates modules for the simulation of snow and glacier melt (Hock, 1999; , and for the estimation of soil water losses by evapotranspiration (Penman, 1948; Monteith, 1981; . PREVAH is forced by standard meteorological variables with high temporal resolution. For its application, data on air temperature, precipitation, water vapour pressure, global radiation, wind speed and sunshine duration are required. In this study we use hourly meteorological information obtained from the Swiss Federal Office of Meteorology and Climatology (Begert et al., 2005) . Local information on precipitation is obtained from a complementary network of pluviometers sampling with a one day sampling frequency (7:00 to 7:00 of the next day). Similarly to the schemes described in Garen and Marks (2001) and Klok et al. (2001) , the adopted algorithms for spatial interpolation are simple elevation de-trended inverse distance weighting.
Study areas
PREVAH was applied to three Swiss Rivers (Table 2 and Fig. 1 ): the Thur Jasper et al., 2006) , the Rhône , and the Lütschine.
The Thur basin is located in north-eastern Switzerland. It drains into the Rhine shortly after the Andelfingen gauge (1696 km 2 , LH-2044, Table 1; FOEN, 2004) . The discharge regime reflects both the snowmelt governed runoff generation from its Alpine areas and the reduced contribution to runoff generation from the areas located in the Swiss plateau.
The Rhône basin down to the Gletsch gauge (38.9 km 2 , LH-2268) is a heavily glacerized (52% of its total area) highAlpine catchment located in the Wallis canton. This small basin is the source of the large river Rhône that drains into the Lake of Geneva and flows into the Mediterranean Sea. The equilibrium line of the glacier is at about 3050 m a.s.l. (Klok et al., 2001) .
The Lütschine basin (379 km 2 , LH-2109) is located in the Alps above Berne and drains into the Lake of Brienz, which is a large alpine lake that collects water from the sources of the Aare River. About 17% of the basin consists of glaciers. An equilibrium line of 3000 m a.s.l. was used in this study.
Experimental setup
The application of PREVAH requires thorough calibration and verification. The most sensitive tunable parameters are the adjustment factors for scaling snowfall and rainfall (Zappa, 2002) , the parameters of the snowmelt module , the non-linearity factor controlling the soil moisture recharge and the parameters of the runoff generation module . In the case of glaciated basins, two additional parameters controlling the melt of glacerized areas are introduced and require calibration (Klok et al., 2001) .
Calibration parameters for the three investigated basins were obtained from previous work with the model. The tunable parameters for the Rhône basin were estimated for the period 1990-1992 and verified for the period 1993 to 1996 (Klok et al., 2001) . The calibration for the Rhône basin was completed manually. Model outputs were compared with observed values and evaluated by means of objective statistical criteria (Nash and Sutcliffe, 1970; Legates and McCabe Jr., 1999) . A graphical comparison between observations and simulations was made in the calibration phase as an additional subjective assessment of model performance.
The calibration procedure adopted for the Thur and Lütschine basins relied on the maximization of an index of agreement based on nine different scores derived by comparing observed and simulated daily discharges (Sonderegger, 2004; Verbunt et al., 2006) . A total of about 200 model runs is needed to calibrate PREVAH. The result of all model runs provides information on parameter sensitivity and related uncertainties (Pappenberger and Beven, 2006) . The setup of calibrated model parameters from the Thur river basin is the same setup used by Verbunt et al. (2006) . In that study the Thur is one of 23 basins analyzed in a coupled application of hydrological and numerical weather prediction models for the alpine section of the Rhine. The calibration included the period from 1997 to 1998. The calibration of the Lütschine river basin was completed by Corti (2003) . The calibration period was 1982 to 1985.
Appendices A and B provide additional information on the calibration procedure and the index of agreement. Headwater basins of the Swiss Plateau showed a uniform response in terms of discharge anomalies. The yearly discharge was far below average (about 60% to 80 % of the long-term average). The very low flows throughout summer (40% to 60% of the summer average) were the main reason for the low annual means. In response to the heatwave, the soils dried out and evapotranspiration was limited by the scarce availability of water in the unsaturated zone of the soil. The same applies for the generation of surface runoff components and groundwater recharge. Similar responses occurred in most of the basins with average elevations below 1500 m a.s.l. (Fig. 3b and Table 1 ). The effects of the 2003 heatwave were slightly less evident in basins with more pronounced Alpine environments and mean elevations above 1500 m a.s.l. The 2003 discharges were in this case on the order of 80% to 90% of the long-term yearly average. Corresponding values for the summer period were 60% to 80%.
Regional differences could be detected at the scale of the large river systems: the Rhine (Rekingen, LH-2143, Table 1), the Aare (Untersiggenthal, LH-2205) and the Rhône (Chancy, LH-2174). The Rhine 2003 discharge was −21% (full year) and −46% (summer) of the long-term average. The discharge anomalies for the Aare were −23% (full year) and −38% (summer), while for the Rhône the anomalies were smaller and on the order of −9% (full year) and −16% (summer). This varied response relates to the difference in the portion of glacerized areas (Table 1) , which is highest in the Rhône (Chancy, 8.4%) and lowest for the Rhine (Rekingen, 0.57%). In Fig. 3 the response of the basins to the 2003 heatwave, expressed as the ratio between the 2003 discharge and the long-term average is correlated to the physiographical characteristics of the areas. A significant dependence between the basin response and the presence of glaciers can be illustrated if the ratios are plotted against the portion of glaciated areas (Fig. 3a) . Basins with >25% glacier portions showed above average discharge both over the whole year and during the summer. For basins with a glacier coverage of 10% to 25%, the observed discharges in 2003 nearly corresponded to the long-term average. A full compensation of the 2003 heatwave effects on discharge volume was achieved in these rivers by increased melting from glaciated areas.
The magnitude of the anomalies presents a significant trend with elevation (Fig. 3b) . Such a trend may be explained by differences in soil depths, evapotranspiration , snow accumulation during the previous winter, and the distribution of precipitation.
Two simple multiple regression models were developed in order to determine how significantly the hydrological response to the 2003 summer heatwave is correlated to the average elevation (H in m a.s.l., Fig. 3b) , and to the degree of glaciated areas (GLAC in percent, Fig. 3a) . The crosscorrelation between GLAC and H is 0.63. Table 3 shows Fig. 4 . Ratio between the 2003 summer discharge and the historical summer mean from the high-alpine headwaters to the main outlet in Switzerland for three river systems. Labels refer to the LH identifiers declared in Table 1 and reported in FOEN (2004). that both the regression model for 2003 and the model for the summer only are highly significant at a 95% level with p-values smaller than 0.001. The coefficients of determination R 2 are above 0.8. Figure 4 depicts the discharge anomaly trends from high alpine headwater basins down to the main Swiss gauges of three large river systems (Aare, Rhône and Rhine). The effects of the 2003 heatwave are less pronounced in the Rhône basin. The portion of glaciated areas is clearly above 10% up to the Porte-Du-Scex gauge (LH-2009). Icemelt compensates for reduced runoff generation from the remaining areas. Only the final inflow from contributing areas within the Swiss Plateau close to the Lake of Geneva (regulated to maintain a constant water level) caused a decrease in average runoff at the Chancy gauge to 15% below average. The discharges of the other two large river systems were more affected by the 2003 heatwave since their portion of glaciated area is much smaller than that of the Rhône. If the responses of basins between 1000 and 10 000 km 2 are considered, then the anomalies in the Rhine were 0.2 to 0.3 less than the anomalies of the Rhône. A last interesting comment from and is disregarded for data analysis, which eventually included the 24 year period 1982-2005. This decision minimized the uncertainty of the initial values of the snow water equivalent and the initial water storages within the basin. The available time series was evaluated separately for the calibration and verification periods (Table 4) . In general the discharge simulated with PREVAH corresponds well with the observations. The obtained Nash and Sutcliffe efficiencies (NSE and log(NSE)) are above 0.85 in the calibration and verification periods. The error in the obtained discharge volumes (VOL) for the whole period of model application is less than 3%. However, the volume error is above 5% in the verification period of the Thur, due to the shortness of the calibration period which was only two years (Verbunt et al., 2006) . Figure 5 shows that the model is well able to reproduce the dynamics of the discharge hydrographs of the three investigated basins for two of the years within the verification period (2002 and 2003) . The NSE agreement is in all basins for both years above 0.85. (Table 5 and Fig. 6 ). At a first glance, 2003 looks like an average year. The model captures this behavior well.
The shape of the cumulative average discharge plot for the Thur shows that more than 50% of the discharge accumulates by the end of May. At this time in year the cumulative 2003 discharge for the other two rivers is less than 20% of the total annual yield. Starting from early April, the cumulative discharge of the Thur basin shows an increasing negative bias with respect to the long-term average. During late spring the model underestimates runoff generation. A relative constant error of about 25 to 30 mm in the cumulative discharge volumes is observed between mid-May and mid-September.
The Rhône basin shows the opposite behavior. Starting in early January, a positive cumulative bias accumulates between the 2003 data and the long-term average. That bias strongly increases during the heatwave. High temperatures in June accelerate snowmelt. The glacerized areas are free of snow earlier in the season and yield additional water. High temperatures at very high elevations (Koboltschnig et al., 2007 1 ) cause the melting of firn from the glacier accumulation area (Klok et al., 2001 ). The hydrological model is winter. PREVAH does not account for albedo reductions as a consequence of sand and debris deposition in the accumulation and ablation areas of glaciers. This could explain why the model underestimates discharge in the period of the year when icemelt and firnmelt are the highest contributing sources of discharge within highly glacerized basins . Table 5 summarizes water balance estimates. In the Thur, 37% of precipitation leaves the system as evapotranspiration ET. This agrees with the results obtained by , who estimated for the period 1993 and 1994 that ET is about 39% of precipitation. Storage change is slightly negative. In 2003, evapotranspiration was more than 50% of precipitation. Rainfall was 20% below average, ET was 5% above average, and discharge was 35% below average. The negative water balance is 4 times the average. This is due to high water losses from the soils during the heatwave and missing groundwater recharge throughout the summer. PREVAH simulations of the Lütschine water balance provide quantitative measures for interpreting the apparent neutral response (in terms of discharge volumes) to the heatwave. The large average negative water balance of −237 mm per year is due to icemelt. By relating this value to the portion of glaciers (Table 2) , it can be determined that glaciers thin by about −1.3 meters per year. This value is higher than the estimated average losses of −0.6 m water equivalent (m w.e.) for alpine glaciers (Frauenfelder et al., 2005) . In 2003 a precipitation anomaly of −22% was registered. ET was 15% above the average, while runoff was only 2.2% below average (Fig. 6 and Table 5 ). Icemelt compensated for the missing rainfall. PREVAH estimated for 2003 a water balance of −605 mm. This corresponds to −3.5 m w.e. for the glaciers. This value is close to the glacier mass balance value of −2.5 to −3.0 m w.e. reported in the 8th Glacier mass balance bulletin (IUGG, 2005) , which analyzed the response of the European glaciers to the 2003 heatwave.
Water balance estimations
The mean water balance of the Rhône is also strongly negative (Table 5 ). Model estimations indicate that about 565 mm of water is leaving the system in the form of icemelt, which is not compensated for by a corresponding accumulation of snow masses in the firn areas. This value is equivalent to −1.1 m w.e. per year. ET is about 10% of precipitation. In 2003 ET was more than 20% above the mean, while precipitation was 20% below average (Table 5 ). Simulated and observed runoffs were 20% above the mean. The balance for 2003 is on the order of -1542 mm, which represent a melting of about −3.0 m w.e. for the glaciers.
Normalized anomalies of hydrometeorological variables
Schär et al. (2004) defined T ′ /σ as a normalization of the temperature anomalies T ′ by the standard deviation σ of the data sample. T ′ /σ is used to quantify the difference of the 2003 summer temperatures anomalies from the climatic mean. The length of the climatology presented here was constrained by the availability of input for the hydrological simulations . Table 6 reports the climatological mean, the standard deviations and normalized anomalies in the summer of 2003 (June-September) for different hydrometeorological variables. Anomalies and standard deviations are computed for average and accumulated data within the time frame June-September. For snow accumulation, the time frame is October to March.
Temperature anomalies T ′ at the representative stations of our areas (Table 2) For the hydrological characterization of the 2003 heatwave, the aridity index φ after Budyko (1974) is used. The value of φ is computed as the ratio between simulated potential evapotranspiration ETP and interpolated precipitation P (Arora, 2002) . ETP is related to temperature, relative humidity and solar radiation . The aridity index φ for the period from June to September was estimated using PREVAH. The computed average φ of 0.6 for the Thur confirms that here ET is an important component regulating runoff generation. In the other two basins, φ is lower (Table 6). Following the classification presented by Ponce et al. (2000) , φ values below 1.0 in the investigated basins indicate that these catchments belong to the most humid regions of our planet, even if they experienced extreme warm and dry conditions in 2003. In 2003, φ shows stronger anomalies than air temperature in the Thur and Lütschine basins. Such extreme dry conditions are triggered by the concurrence of large positive T ′ /σ with significant negative precipitation anomalies. φ and T are positively correlated (Fig. 7) . The temperature variability is similar in all three basins, with a standard deviation σ of 1.1 to 1.4 • C. The variability of φ is close to 0.1 for the Lütschine and Thur basins, and nearly twice that for the Rhône basin (Table 6 and Fig. 7) . The data pair (φ,T) 2003 is in all investigated areas far outside the box representing variability on the order of ±σ and it would also be outside the ±2σ range.
The normalized runoff anomalies R ′ /σ are in agreement with the analysis proposed in Fig. 2 and Table 6 . Rivers react with opposite behaviors. The value of R ′ /σ is −2.5 for the Thur, close to zero for the Lütschine, and +1.7 for the Rhône. Figure 8 highlights the scatter between φ and R. The values of φ and R show a strong negative correlation for the Thur basin. Warm and dry weather causes higher ET and strongly reduced runoff generation. In the Rhône basins, φ and R are also correlated. However, here the correlation is positive. In the Lütschine basin φ and R are not significantly correlated.
The basins with glacial regimes show much lower variability in the summer discharge rates than basins with pluvial regimes (Pfaundler et al., 2006) . The coefficient of variation c v is 0.09 for the Lütschine, 0.27 for the Thur, and 0.13 for the Rhône. This is evidence of mechanisms of discharge compensation by meltwater in years with high φ. Icemelt in the Lütschine basin provided in the summer of 2003 just enough "additional" melt to compensate for the volume of missing water due to a lack of precipitation and high ET (Table 5). With 52.2% glacier coverage, the Rhône basins rely on larger sources of meltwater to compensate for water shortages in periods with higher φ. The amount of icemelt in the summer of 2003 was in the Rhône so significant that nearly unprecedented average runoff maxima were attained. This overcompensation explains the slight positive correlation between φ and R.
If simulated runoff is separated into individual components, then the icemelt (I ) component can be isolated and analyzed similarly to T , φ and R ( Table 6 ). The obtained normalized icemelt anomalies I ′ /σ were +2.5 (Lütschine) and +3.0 (Rhône). These two values are very similar to φ ′ /σ . The non-glaciated portions of the Lütschine and the Rhône showed similar behavior to discharge in the Thur basin. Figure 9 shows that the runoff components, which are not related to icemelt, showed opposite behavior to icemelt. Icemelt is positively correlated to φ. The other runoff components showed a negative correlation to φ. The 2003 icemelt component in the two basins exceeded the period mean by more than +2.5σ . The anomaly of the nonicemelt component was less pronounced. The deviation from the long-term mean was close to zero in the Rhône and about -1.5σ in the Lütschine (Fig. 9) . Due to the large contribution of snowmelt to the total runoff in the Rhône , the runoff from non-glaciated areas is strongly dependent on snow accumulation S during the previous winter. The snow accumulation anomaly S ′ /σ between 1 October 2002 and 31 March 2003 was +0.9σ above the period mean (Table 6 ). This significant positive S ′ /σ explains why the anomaly in the non-icemelt discharge components was not that negative in the Rhône. In the Lütschine, S ′ /σ for 2003 was close to the period mean. Figure 10 provides a spatial impression of the dual character of the hydrological response to the 2003 summer heatwave for the Lütschine. In August 2003, R ′ /σ showed distinct spatial structures which were related to altitude and land-use. The most positive R ′ /σ anomalies were detected for the glaciers and regions close to the mountains crest. Nearly all other regions showed negative anomalies on the order of −1.1 to −1.4σ . 
Conclusions
The presented analysis showed the complexity of the hydrological response of Swiss Rivers and mountainous environments to the 2003 European summer heatwave. The combination of the various anomalies triggered a set of non-linear feedbacks that led to a wide spectrum of responses in terms of discharge. The specific response of three representative rivers was summarized by investigating the relations between anomalies in air temperature, aridity index, potential evapotranspiration, snow accumulation and icemelt.
In basins without glaciers, summer discharge anomalies are related to both precipitation and temperature anomalies. Our analyses demonstrate and quantify the high variability in the internal basin anomalies of runoff generation in glaciated basins. Icemelt is directly correlated to the anomalies in the aridity index. In the summer of 2003, icemelt was approximately three times higher than the mean for the 24 year period 1982-2005. Qualitatively, this dramatic melt response agrees well with proposed glacier mass balance estimates (Frauenfelder et al., 2005) .
Simulations with the distributed hydrological model PRE-VAH for the period of the 2003 summer heatwave are included in the verification period for all three basins. The model was able to capture the highly variable response of the three basins without additional calibration. The model demonstrated robustness in being able to estimate the hydrological response for an event that had nothing in common with the calibration conditions. Results confirm that distributed hydrological models such as PREVAH are able to provide reliable information on the hydrological response of mountainous environments to extreme meteorological events and hence to climate change projections (Barnett et al., 2005) .
Large river systems such as the Aare, the Alpine Rhine, and the Rhône were also affected by the 2003 heatwave. Even if in their mountainous high-alpine headwater basin discharge was above average, the missing contribution to runoff from areas below 1500 m a.s.l. caused a significant discharge deficit downstream.
We showed that regional hydrological responses to the 2003 summer heatwave can be related to the physical characteristics of the basins. More than 80% of the variability in the hydrological response of Swiss river basins to the 2003 heatwave can be explained by the average elevation and the degree of glacerization. During the 2003 heatwave, basins in the Swiss Central Plateau and basins with very low glacier portions (<1%) had less than 60% of the mean summer runoff. Historical discharge minima were recorded in almost all the lowland river basins whose long-term discharge records were too short to include the years 1947 and 1921. In alpine basins with up to 10% glacierization, icemelt provides a partial compensation of the reduced runoff generation in ice-free areas. The summer discharge is about 70-80% of the average. Basins with about 15% glacerization show the most interesting response to the 2003 heatwave. The additional contribution of icemelt fully compensates for the limited runoff generation in the remainder of the basin. Thus, the discharge during the summer of 2003 was very close to the historical annual and summer averages. At the same time, at sub-basin scales strong positive and strong negative anomalies in discharge were observed. Such an insight into mechanisms of hydrological extremes can only be attained through the application of distributed hydrological models. The disaggregation of the catchment response is very important in order to identify areas where such events can lead to environmental risks. Hydrological models might therefore be adopted for identifying the most sensitive regions where heatwaves may become a recurrent natural hazard with large social and economical impacts.
This particular form of compensation of discharge volumes by additional icemelt contributed to reduced variability of the hydrographs in alpine rivers during the 20th century as compared to lowland basins (Pfaundler et al., 2006) . Since glaciers are shrinking and are expected to disappear from European landscapes within few decades (Schneeberger et al., 2003; Zemp at al., 2006) , it is anticipated that the yearto-year variability in discharge will increase in alpine and high-alpine basins and possibly reach similar variability as in lowland basins. Significant trends can already be detected (Birsan et al., 2005) . Hydropower companies, which use the average hydrograph to manage reservoir storage (Schäfli, 2005) , should therefore begin thinking about new strategies for dealing with increased variability in the hydrological cycle (Ohmura and Wild, 2002; Frei et al., 1998; Schär et al., 2004) . A way to deal with variability and meteorological extremes could be a real-time hydrological model based on water resources monitoring and the development of methods for the early detection of events like the 2003 heatwave. The application of seasonal meteorological predictions to hydrology could be a first step (Goddard et al., 2001) .
Due to the retreat of glaciers it is expected that such varied hydrological responses to heatwaves could remain a rarity in the history of hydrometeorological monitoring in Europe. Such events could represent a characteristic response of mountainous environments in the transition between the climate at the end of the 20th century and the climate projected for the second half of the 21st century (IPCC, 2001) . As an early documentation of the climate of the future, the data collected during the 2003 summer heatwave can contribute more than any model projection to the sound understanding of the hydrological response to climate change.
Appendix A Calibration procedure
Global hill-finding is a major problem of most automatic calibration algorithms (Beven 2001) . The calibration procedure implemented in PREVAH relies on a straight forward reduction of a two-dimensional parameter space (Sonderegger, 2004 ). The procedure is run with user defined initial parameters and follows the schema presented in Fig. A1: a) Two of the parameters requiring calibration are selected.
The modeler specifies for each parameter maximum and minimum values. These values define a two dimensional parameter-space;
b) The obtained parameter-space is split into 9 quadrants.
The parameter values describing the 4 main intersections of the parameter-space are adopted for running PREVAH; c) For each of the 4 model runs an objective index ranging between zero and one is computed. The index is a weighted expression of 9 scores (Appendix B). The parameter values yielding the highest index define the central point of a new, reduced, parameter space. 5 of the 9 quadrants of the original parameter space (shown in gray) are removed;
d) The new parameter-space is subdivided into 9 quadrants;
e) The procedure described in c) and d) is repeated iteratively until no further improvement in the objective index is achieved. The user can also choose to end the procedure after a certain number of iterations.
f) The values for the two parameters are calibrated and used by the model. Two other parameters can be then selected for defining a parameter space that is then analyzed as described above; Usually a chain of 8 to 12 pairs of tunable parameters is analyzed, starting with the most sensitive. A total of about 200 model runs are needed to estimate a set of calibrated parameters. The result of all model runs gives indications on parameter sensitivity and related uncertainty (Pappenberger and Beven, 2006) . This procedure does not provide the absolute certainty of finding the global highest hill of the parameter space, but it is well able to provide robust parameter sets that yield high performance in the verification period. Such a procedure is particularly useful if CPU consuming models are used and thousands of runs for parameter uncertainty estimation can not be afforded.
Appendix B
Index of agreement
The calibration procedure (Appendix A) aims at maximizing an index of agreement based on a weighted average of nine objective scores derived by comparing the observed and the simulated daily discharges (Sonderegger, 2004; Verbunt et al., 2006) . Three basic equations are adopted: the Nash and Sutcliffe efficiency NSE (Eq. B1), its logarithmic formulation log(NSE) (Eq. B2) and the volume error (VOL) (Eq. B3).
NSE=1−
Nine scores are derived from the application of Eqs. (B1)-(B3) to observed (O i ) and simulated (S i ) data. The first three scores are determined by computing Eqs. (B1)- (B3) for the full calibration period. Six additional scores are introduced to improve the identification of robust parameter sets that provide a similar agreement for all the different seasons of the year and for all the years of the calibration period. To achieve this, Eqs. (B1)-(B3) are computed for each year within the calibration period. Three scores are then obtained by determining the standard deviation in the agreement between the single calibration years. Finally Eqs. (B1)-(B3) are estimated for each monthly data sub-sample within the calibration period. Thus, three more scores are determined by computing the standard deviation in the agreement of the twelve scores from the monthly sub-samples.
All nine scores are reduced to a dimensionless index ranging between zero and one. The nine indexes are finally combined by adopting a weighted geometric mean as proposed in Seibert and McDonnell (2002) . The weights can be defined by the user, who can for instance decide if the calibration procedure has to be more focused on achieving high NSE, a low VOL or a well balanced mixture of all nine indexes.
